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Abstract
Models with a tiny coupling λ between the dark matter and the Standard Model, λ ∼ v/MPl ∼
10−16, can yield the measured relic abundance through the thermal process known as freeze-in.
We propose to interpret this small number in the context of perturbative large N theories, where
couplings are suppressed by inverse powers of N . Then N ∼M2Pl/v2 gives the observed relic density.
Additionally, the ultimate cutoff of the Standard Model is reduced to∼ 4piMPl/
√
N ∼ 4pi v, thereby
solving the electroweak hierarchy problem. These theories predict a direct relation between the
Standard Model cutoff and the dark matter mass, linking the spectacular collider phenomenology
associated with the low gravitational scale to the cosmological signatures of the dark sector. The dark
matter mass can lie in the range from hundreds of keV to hundreds of GeV. Possible cosmological
signals include washing out power for small scale structure, indirect detection signals from dark
matter decays, and a continuous injection of electromagnetic and hadronic energy throughout the
history of the Universe.
Dark matter (DM) accounts for 80% of the matter
in our Universe, but its microscopic origin is still un-
known. If the DM is coupled to the Standard Model
(SM) thermal bath, a variety of mechanisms to produce
the observed relic abundance are possible. The existence
of a connection between the DM and the SM implies
that measurements of these couplings today can teach
us about the dynamics of the early Universe. One com-
pelling thermal scenario is “freeze-in” [1], see [2] for a
recent review. Initially, the SM is reheated and thermal-
izes, while the DM sector is not and therefore has a neg-
ligible energy density. As the Universe expands, the very
small couplings to the SM mediate out-of-equilibrium
processes that generate a DM number density. The DM
production ceases once the SM bath temperature T be-
comes of order of the mass of the lightest SM particle
that interacts with the DM, thereby freezing-in the relic
density.
A key feature of freeze-in models is their very small
coupling between the SM and DM. In this paper, we in-
terpret this aspect in a new context, which leads us to
find an interesting connection with the electroweak hi-
erarchy problem. If the number N of new states in the
dark sector is large, but the theory is under perturbative
control, the DM couplings to the SM must scale with an
appropriate inverse power of N . Here we posit that this
is the origin of the tiny couplings required for a viable
model of freeze-in. We will show that N ∼ M2Pl/v2 re-
produces the observed relic density, where v is the scale
of electroweak symmetry breaking.
Theories with a huge number of new states are excit-
ing for another reason. Gravity interacts with all the new
degrees of freedom. Therefore, graviton-graviton scat-
tering at energy E receives quantum corrections propor-
tional to powers of N E2/
(
16pi2M2Pl
)
[3–5]. We expect
the ultimate scale where gravity is modified to be reduced
to [6–10]
ΛUV ∼ 4pi MPl√
N
. (1)
If N ∼M2Pl/v2, this is a dramatic reduction in the size of
the ultimate cutoff of the SM, and having N dark sector
states solves the hierarchy problem.1 In this paper we
show that viable DM models exist with N ∼ 1015−35,
implying ΛUV ∼ 1− 1010 TeV.
If ΛUV is within reach of the LHC or a future machine,
then spectacular collider signatures associated with the
gravitational sector would likely be discovered [9]. On the
other hand, it is unsurprising that having ΛUV ∼ v comes
at a price. In particular, new physics associated with
gravity should appear at ΛUV, which can break baryon
and/or lepton number, and can induce flavor-changing
and/or CP-violating processes. One way to avoid the
suite of associated constraints is to impose additional
structure in the UV theory above ΛUV. Alternatively, it
is perfectly viable to lift ΛUV above v, but at the expense
of tuning the weak scale. For a given model, the freeze-
in relic density calculation maps N (and therefore ΛUV)
onto a choice for the DM mass, as discussed in Sec. III
and Sec. IV. This relation is one of the most appealing
features of our framework since it implies that this class
of theories is quite predictive: once we fix the large N
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2scaling of the couplings, the DM mass determines both
the strength of its interactions with the SM and ΛUV.
Since at first blush introducing N ∼ 10many new de-
grees of freedom might seem extreme, it is worth briefly
commenting on the connection to extra dimensional sce-
narios. One phenomenologically relevant example comes
from introducing a mm-sized compactified extra dimen-
sion [11–14], which also modifies gravity at the TeV scale.
In the 4D effective theory, this can be viewed as a con-
sequence of a large number of Kaluza-Klein states, com-
parable to the number of species in our dark sector. In
this sense, the equivalence of the large N solution to the
hierarchy problem can be made sharp. A similar emer-
gence of large N also occurs in calculable models of the
AdS/CFT correspondence [15–18]. We emphasize that
here we do not attempt to explain the origin of the N
dark sector states using an explicit extra dimensional
construction, but making this connection precise, and
understanding what theoretical restrictions it imposes,
would be an interesting task for future work.
The rest of the paper is organized as follows. In
Sec. II, we write down two example models and discuss
their large N scalings. Then in Sec. III, we present the
calculation of the freeze-in abundance, and emphasize the
modifications due to having N species. Our numerical re-
sults and a discussion of the related phenomenology are
given in Sec. IV, followed by a brief outlook.
II. MODELS
In this Section, we introduce two example models
that realize the goals set forth above. We also discuss
the requirements imposed by perturbativity on their cou-
plings. For context, in [19], ’t Hooft demonstrated that
in an U(N) gauge theory with gauge coupling g, hold-
ing the combination g2N fixed while taking the limit
N → ∞ maintains the validity of the perturbative ex-
pansion. This leads to a natural division into planar dia-
grams, which scale with powers of g2N , and non-planar
diagrams which are suppressed by powers of 1/N with
respect to the planar graphs. The perturbative expan-
sion of the theory is reorganized in terms of the small
parameter 1/N [19].
We note that the relation between the topology of
diagrams and the 1/N expansion is a feature that we do
1 Introducing a large number of new degrees of freedom is one
of the simplest known solution to the hierarchy problem [6–10].
The novelty here is the connection to freeze-in.
not find in our simple models. This is due to the absence
of fields that are the analog of the gluons in [19]. For both
models presented here, we derive the minimal N scaling
of the coupling needed to maintain perturbativity. While
what follows maintains the same spirit, our arguments
differ from ’t Hooft’s approach in the details.
Scalar Model: Our first example has N real scalar DM
candidates φα coupled to the SM via the Higgs portal
L ⊃ −λφ |H|2
N∑
α=1
φ2α , (2)
whose stability is maintained by enforcing a Z2 symme-
try: φα → −φα. In the parameter space of interest,
mφα < mh/2, and the DM abundance is set by the de-
cays h → φα φα after the electroweak phase transition.
As discussed in Sec. IV, the φα do not introduce N hier-
archy problems, given the tiny size of the coupling λφ.
Every diagram constructed from the interaction in
Eq. (2) contains a factor r, which scales as
r ∼ λVφNLφ , (3)
where V is the total number of vertices, and Lφ is the
number of closed φα loops. To make the structure of the
perturbative expansion more manifest we would like to
express Lφ in terms of V .
For any diagram, if we remove all external Higgs lines
and internal Higgs propagators, we are left with n dis-
connected subdiagrams (where n ≥ 1) consisting only of
φα lines. We can then write
Lφ =
n∑
i=1
Lφ,i =
n∑
i=1
(Vi − Pi + 1) = V − P + n, (4)
where Vi and Pi are the number of vertices and edges
respectively in the ith subdiagram, V ≡ ∑ni=1 Vi and
P ≡∑ni=1 Pi. Then Eq. (3) becomes
r ∼ (λφN)VN−P+n . (5)
Since every subdiagram has at least one edge, P ≥ n
and perturbativity is maintained by imposing λφ . 1/N .
In particular, the leading diagrams scale as (λφN)
V and
3consist of a single vertex per φα loop
2
φα
h h
λφ
∼ λφN . (6)
Fermion Model: Our second example introduces a
fermionic DM candidate ψα, that couples to the SM
through the neutrino portal
L ⊃ − yψ LeH
N∑
α=1
ψα , (7)
where Le is the SM lepton doublet containing the elec-
tron. We have chosen to couple only to the electron dou-
blet mainly for simplicity. Given the relevant size of yψ
discussed below, generalizing this coupling would have a
minimal impact on the DM phenomenology, and as such
we leave exploring this larger parameter space to future
work. The small size of yψ also insures that the ψα are
stable on cosmological timescales, as discussed in more
detail in Sec. IV.
In this model,3 each diagram contains a factor
r ∼ yVψ N Iψ , (8)
where V is the total number of vertices, as above, and
Iψ is the number of internal ψα propagators. As there is
only one ψα line coming out of each vertex, we can write
V = 2 Iψ + Eψ, (9)
where Eψ are external ψα lines. Then
r ∼ (y2ψ N)V/2N−Eψ/2. (10)
The ’t Hooft coupling is y2ψ N and perturbativity is main-
tained by requiring yψ . 1/
√
N . The leading diagrams
2 In this theory, the leading diagrams renormalize the Higgs mass
and the cosmological constant. If one is willing to fine-tune the
Higgs mass, then perturbativity can be maintained with a weaker
scaling λφ ∼ 1/
√
N .
3 In this model, there is also a potential issue with maintaining
unitarity at tree-level, for example in the process h ν → h ν. The
same ’t Hooft scaling we derive at loop-level, also maintains the
finiteness of the tree processes in the large N limit.
scale as y2ψ N and have no external ψα lines
hh
ν
ψα
yψyψ ∼ y2ψ N . (11)
As we will show in the next two sections, both the scalar
and fermion model can realize the measured relic abun-
dance via freeze-in, while satisfying all the relevant phe-
nomenological constraints.
III. RELIC DENSITY
Now that we have discussed the interplay between the
requirement of perturbativity and the large N scalings of
the couplings, we turn to the calculation of the thermal
freeze-in relic abundance. The goal of this section is to
review the mechanism [1] with an emphasis on dark sec-
tors with a large number of new species. We begin with
a discussion of the parametrics, which are then derived
using the full Boltzmann equations.
The freeze-in abundance of a single species due to the
decay of an SM particle with mass mSM is
YN=1 ≡ nN=1
s
∼ λ2MPl
mSM
, (12)
where λ is the coupling between the SM and the new par-
ticle. The observed relic abundance is reproduced when
Y ∼ v2/(MPlmDM), implying that4
λ ∼ v
MPl
√
mSM
mDM
. (13)
In our scalar scenario defined in Eq. (2), we have shown
that the coupling should scale at most as 1/N . Even
when this scaling is fixed, there is a range of possibilities
for the many particle abundance YN . If the couplings are
diagonal, then only the channels SM → DMα DMα are
active so that the sum over the particles in the final state
4 A more accurate way to estimate the measured DM yield is
Yobs ∼ TEQ/mDM, where TEQ ∼ eV is the SM tempera-
ture at matter-radiation equality. The approximate accident
TEQ ∼ v2/MPl is one common way of expressing the WIMP
miracle [20–23], and we exploited it here as well since it yields
simple scaling relations. If one wants to make quantitative com-
parisons, we recommend using Eq. (19).
4gives YN = N YN=1, and Eq. (13) becomes
N ∼ M
2
Pl
v2
mDM
mSM
(scalar model). (14)
To simplify the parametrics, we have assumed that all the
dark sector particles have the same mass and coupling to
the SM.
On the other hand, if the couplings are all active,
then SM → DMα DMβ with α 6= β are allowed, giving
N(N +1)/2 decay channels. Note however that this pos-
sibility makes sense only in sectors with different masses
for the scalars or additional interactions. Putting it all
together, again in the simple limit where all the couplings
and masses are the same, we have
YN=1 ≤ YN . N2 YN=1
=⇒ 1
N
v
MPl
√
mSM
mDM
. λφ .
v
MPl
√
mSM
mDM
. (15)
We see that in theories where the off-diagonal decay chan-
nels are active, we have to suppress the coupling beyond
the ’t Hooft scaling in order to reproduce the observed
relic density.
In our fermionic scenario defined in Eq. (7), DM can-
didates couple to the SM via a seesaw type mixing with
neutrinos. In this case their decay width is suppressed
by an extra factor v2/m2DM and a simple possibility is to
have couplings ∼ 1/N and N decay channels.5 This gives
N ∼ M
2
Pl
mSMmDM
(fermion model) . (16)
We will see in Sec. IV that even though they mix with
the neutrinos, these DM candidates can easily be stable
on cosmological timescales.
Now we will show how these parametric relations all
follow from the Boltzmann equations. We can start with
the equation for a single species with phase space density
fα, and make all the usual approximations: we neglect
Pauli blocking, 1± fSM ' 1, assume that our new sector
starts out without any energy density, fα ' 0, and take
the SM progenitor in thermal equilibrium with the SM
bath, fSM ' e−ESM/T . This yields
dnα
dt
+ 3H nα ' gSMm
2
SM
2pi2
T K1
(
mSM
T
) N∑
β=1
Γαβ , (17)
5 This choice anticipates the phenomenological constraints dis-
cussed in the next section when yψ ∼ 1/
√
N and there are N
active decay channels.
where K1 is the first modified Bessel function of the sec-
ond kind, Γαβ = Γ(SM → DMα DMβ), and gSM is the
number of internal degrees of freedom of the SM particle
that is decaying. When T > mSM the term on the right
hand side leads to an increase in the DM number density,
even if it is out of equilibrium. As the temperature low-
ers to T ' mSM, the SM particle number density begins
to be exponentially suppressed, effectively stopping DM
production. This suggests that freeze-in is dominated by
TFI ' mSM. However, to estimate the relic density we
cannot equate the expansion of the Universe with the
rate of the decays at TFI – as we would do for freeze-out
calculations – since the decays never enter equilibrium
in this scenario. Instead we need to integrate Eq. (17),
following [1].
If we take all the particles in the hidden sector to
have the same mass (or assume that they all eventually
decay to the lightest member of their sector), the relic
density today is proportional to the sum of their number
densities
ΩDM h
2 ∝ ρDM = mDM
N∑
α=1
nα ≡ mDM n , (18)
implying that we can compute ΩDM by summing over α
in Eq. (17). Integrating the equation between T = 0 and
T =∞, we find
Ωh2 ' 1.1× 10
27 gSM
g
3/2
∗ (mSM)
mDM
m2SM
N∑
α=1
N∑
β=1
Γαβ , (19)
in good agreement with a full numerical calculation. Here
g∗ ' g∗S counts the effective number of degrees of free-
dom in the SM thermal bath. This derivation shows that
our multi-particle yield, YN , is proportional to the sum
of Γαβ over all the active channels. This is sufficient to
derive all the parametric relations discussed at the be-
ginning of this section.
IV. PHENOMENOLOGY
In this section, we present the experimentally viable
parameter space for our scalar and fermion models along
with the associated signatures. We also make quantita-
tive the relation between the DM mass and the gravi-
tational cutoff. First, we assume that all particles have
identical masses, which allows us to clearly illustrate the
relevant constraints and the correlation between the DM
mass and ΛUV. We then discuss how the phenomenology
is modified in the case that the dark sector masses follow
5a non-trivial distribution.
A. Equal Masses
In our first example model, the DM is composed of
N scalar particles with masses mφ . mh/2 that cou-
ple to the SM through the Higgs portal as in Eq. (2).
For simplicity, we enforce that the DM is stable, which
implies that none of the φα states obtain a vacuum ex-
pectation value. Then the DM relic density freezes-in
after the electroweak phase transition from two-body de-
cays of the Higgs, h→ φα φα. The abundance produced
during the electroweak symmetric phase from the process
HH† → φα φα is negligible. If only diagonal decays are
active, then saturating the ’t Hooft scaling of the cou-
pling, λφ = 1/N , yields the observed relic density along
the black curve in the left panel of Fig. 1. Furthermore,
this figure shows that the parameter space for the scalar
model has a lower bound on the cutoff, ΛUV & 106 TeV.
In this model, ΛUV ∼ m−1/2φ as determined by Eq. (14),
such that the cutoff is lowest (N largest) for the largest
kinematically allowed DM mass, in this case set by mh.
In our second example model, the DM is made up
of N fermions with masses mψ . mW . They couple
to the SM via the neutrino portal in Eq. (7), i.e., the
same couplings as right-handed neutrinos. As discussed
above, perturbativity requires yψ . 1/
√
N and the pro-
cess W± → ψi e± dominantly determines the freeze-in
abundance. Saturating the perturbativity bound on yψ
can never yield the measured relic density without vi-
olating phenomenological constraints. This is straight-
forward to see by taking Eq. (19) and evaluating it at
TFI ' mW , which yields Ωψ h2 ' 3 × 1024mψ/mW , im-
plying mψ ' 10−15 eV. As discussed below, such a light
mass is ruled out by measurements of structure forma-
tion.
To find phenomenologically viable parameter space,
we can either reduce the number of decay channels, or
note that if yψ  N−0.5 it is easy to reproduce the cor-
rect relic density – for concreteness, results are shown in
Fig. 1 for the (arbitrary) choice yψ = N
−0.9. We see that
the cutoff can easily be brought down to the weak scale
or even below with the fermion model. This is shown in
the right panel of Fig. 1. In this case, the mixing with
neutrinos impacts the relation between N and the DM
mass (see Eq. (16)), implying a scaling ΛUV ∼ m1/2ψ .
Next we turn to the experimental bounds of our pa-
rameter space, most of which apply to both models. As
N becomes large enough, the gravitational cutoff passes
below a TeV, which is in conflict with multiple observa-
tions. At small N , the coupling between the dark sector
and the SM becomes too large, and we are no longer
in the freeze-in regime. In the plots, this is denoted by
the shaded region where Γ > H(mSM), i.e., the decay
rate that populates the dark sector enters equilibrium at
the freeze-in temperature. In the fermion model, another
slice of small N parameter space is excluded if Γψ > H0,
the requirement of stability on timescales comparable to
the age of the Universe.
The DM mass is also bounded from above and from
below in both models. As mDM approaches the weak
scale, the SM to dark sector decays become kinemati-
cally forbidden.6 For simplicity, we derive this kinematic
bound in the zero temperature limit, since at TFI ' mSM
thermal corrections are negligible for our purposes.
In both models, one lower bound on the mass follows
from considering structure formation. In order to de-
rive a constraint, we need to estimate the free-streaming
length. This is done assuming that all of DM is produced
at TFI with an energy determined by the kinematics of
the decays. We do not include any self-interactions in
the dark sector. This set of assumptions implies that ini-
tially the DM free-streams relativistically, starting from
the time of production tp (T ∼ v). After tNR (when
T ∼ mDM) it continues to free-stream non-relativistically
until matter-radiation equality at tEQ. This yields a free-
streaming length
λFS = a0 c
∫ tNR
tp
dt
1
a(t)
+ a0
∫ tEQ
tNR
dt
vDM(t)
a(t)
' 0.1 Mpc
√
g∗
(
keV
)
g∗
(
mDM
) keV
mDM
[
1 + log
(mDM
eV
)]
, (20)
where a(t) is the scale factor of the Universe as a func-
tion of time (we assume a standard cosmological history),
a0 is the scale factor today, c is the speed of light, and
vDM(t) is the red-shifting DM velocity. Given that af-
ter matter-radiation equality the free-streaming length
grows only logarithmically, we can safely neglect this
late-time contribution. In Fig. 1, we show the regions
where λFS & 0.06 Mpc, 0.1 Mpc, and 1 Mpc. Currently,
mDM . 0.01 MeV is in tension with observations from
Lyman-α forest data [24, 25].
It might seem that the tiny coupling between the dark
sector and the SM precludes any hope of a positive sig-
nal other than the possible suppression of the small scale
6 We can still populate the dark sector through inverse decays, but
we do not consider this regime here.
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<latexit sha1_base64="XUb3zQW5Z+HNyClZLxyr3+dANaI=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCCwmTtGC6kaIblxVsKzQlTKbTZuhMEmYmQi39EjcuFHHrp7jzb5w+BBU9cOFwzr3ce0+UcaY0Qh9WYWV1bX2juFna2t7ZLdt7+22V5pLQFkl5Km8jrChnCW1ppjm9zSTFIuK0E40uZ37njkrF0uRGjzPaE3iYsAEjWBsptMtecCrCIIsZPIcijEO7gpy6X/dQHSKn5lb9mmcIqro+qkLXQXNUwBLN0H4P+inJBU004Viprosy3ZtgqRnhdFoKckUzTEZ4SLuGJlhQ1ZvMD5/CY6P04SCVphIN5+r3iQkWSo1FZDoF1rH67c3Ev7xurgd+b8KSLNc0IYtFg5xDncJZCrDPJCWajw3BRDJzKyQxlphok1XJhPD1KfyftD3HRY57Xas0LpZxFMEhOAInwAVnoAGuQBO0AAE5eABP4Nm6tx6tF+t10VqwljMH4Aest0+NpJJg</latexit><latexit sha1_base64="XUb3zQW5Z+HNyClZLxyr3+dANaI=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCCwmTtGC6kaIblxVsKzQlTKbTZuhMEmYmQi39EjcuFHHrp7jzb5w+BBU9cOFwzr3ce0+UcaY0Qh9WYWV1bX2juFna2t7ZLdt7+22V5pLQFkl5Km8jrChnCW1ppjm9zSTFIuK0E40uZ37njkrF0uRGjzPaE3iYsAEjWBsptMtecCrCIIsZPIcijEO7gpy6X/dQHSKn5lb9mmcIqro+qkLXQXNUwBLN0H4P+inJBU004Viprosy3ZtgqRnhdFoKckUzTEZ4SLuGJlhQ1ZvMD5/CY6P04SCVphIN5+r3iQkWSo1FZDoF1rH67c3Ev7xurgd+b8KSLNc0IYtFg5xDncJZCrDPJCWajw3BRDJzKyQxlphok1XJhPD1KfyftD3HRY57Xas0LpZxFMEhOAInwAVnoAGuQBO0AAE5eABP4Nm6tx6tF+t10VqwljMH4Aest0+NpJJg</latexit><latexit sha1_base64="XUb3zQW5Z+HNyClZLxyr3+dANaI=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCCwmTtGC6kaIblxVsKzQlTKbTZuhMEmYmQi39EjcuFHHrp7jzb5w+BBU9cOFwzr3ce0+UcaY0Qh9WYWV1bX2juFna2t7ZLdt7+22V5pLQFkl5Km8jrChnCW1ppjm9zSTFIuK0E40uZ37njkrF0uRGjzPaE3iYsAEjWBsptMtecCrCIIsZPIcijEO7gpy6X/dQHSKn5lb9mmcIqro+qkLXQXNUwBLN0H4P+inJBU004Viprosy3ZtgqRnhdFoKckUzTEZ4SLuGJlhQ1ZvMD5/CY6P04SCVphIN5+r3iQkWSo1FZDoF1rH67c3Ev7xurgd+b8KSLNc0IYtFg5xDncJZCrDPJCWajw3BRDJzKyQxlphok1XJhPD1KfyftD3HRY57Xas0LpZxFMEhOAInwAVnoAGuQBO0AAE5eABP4Nm6tx6tF+t10VqwljMH4Aest0+NpJJg</latexit><latexit sha1_base64="XUb3zQW5Z+HNyClZLxyr3+dANaI=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCCwmTtGC6kaIblxVsKzQlTKbTZuhMEmYmQi39EjcuFHHrp7jzb5w+BBU9cOFwzr3ce0+UcaY0Qh9WYWV1bX2juFna2t7ZLdt7+22V5pLQFkl5Km8jrChnCW1ppjm9zSTFIuK0E40uZ37njkrF0uRGjzPaE3iYsAEjWBsptMtecCrCIIsZPIcijEO7gpy6X/dQHSKn5lb9mmcIqro+qkLXQXNUwBLN0H4P+inJBU004Viprosy3ZtgqRnhdFoKckUzTEZ4SLuGJlhQ1ZvMD5/CY6P04SCVphIN5+r3iQkWSo1FZDoF1rH67c3Ev7xurgd+b8KSLNc0IYtFg5xDncJZCrDPJCWajw3BRDJzKyQxlphok1XJhPD1KfyftD3HRY57Xas0LpZxFMEhOAInwAVnoAGuQBO0AAE5eABP4Nm6tx6tF+t10VqwljMH4Aest0+NpJJg</latexit>
⌦  =
⌦DM
<latexit sha1_base64="VBtcvJIeow+Tv1DSdGsU4E4LpZs=" >AAACHHicbVDLSgMxFM3UV62vqks3wSK4KjMq6EYo6sKNWME+oFNKJr1tQzMPkjtiGeZD3Pgrblwo4saF4N+YtrPQ6oGEk3Pu5eYe L5JCo21/Wbm5+YXFpfxyYWV1bX2juLlV12GsONR4KEPV9JgGKQKooUAJzUgB8z0JDW94PvYbd6C0CINbHEXQ9lk/ED3BGRqpUzx0 r33os44bDQQ9pdkrcTVXIsLsxpEE6iLcY3JxlaadYsku2xPQv8TJSIlkqHaKH2435LEPAXLJtG45doTthCkUXEJacGMNEeND1oeWo QHzQbeTyXIp3TNKl/ZCZU6AdKL+7EiYr/XI90ylz3CgZ72x+J/XirF30k5EEMUIAZ8O6sWSYkjHSdGuUMBRjgxhJgfzV8oHTDGOJs +CCcGZXfkvqR+UHbvs3ByVKmdZHHmyQ3bJPnHIMamQS1IlNcLJA3kiL+TVerSerTfrfVqas7KebfIL1uc35GOihA==</latexit><latexit sha1_base64="VBtcvJIeow+Tv1DSdGsU4E4LpZs=" >AAACHHicbVDLSgMxFM3UV62vqks3wSK4KjMq6EYo6sKNWME+oFNKJr1tQzMPkjtiGeZD3Pgrblwo4saF4N+YtrPQ6oGEk3Pu5eYe L5JCo21/Wbm5+YXFpfxyYWV1bX2juLlV12GsONR4KEPV9JgGKQKooUAJzUgB8z0JDW94PvYbd6C0CINbHEXQ9lk/ED3BGRqpUzx0 r33os44bDQQ9pdkrcTVXIsLsxpEE6iLcY3JxlaadYsku2xPQv8TJSIlkqHaKH2435LEPAXLJtG45doTthCkUXEJacGMNEeND1oeWo QHzQbeTyXIp3TNKl/ZCZU6AdKL+7EiYr/XI90ylz3CgZ72x+J/XirF30k5EEMUIAZ8O6sWSYkjHSdGuUMBRjgxhJgfzV8oHTDGOJs +CCcGZXfkvqR+UHbvs3ByVKmdZHHmyQ3bJPnHIMamQS1IlNcLJA3kiL+TVerSerTfrfVqas7KebfIL1uc35GOihA==</latexit><latexit sha1_base64="VBtcvJIeow+Tv1DSdGsU4E4LpZs=" >AAACHHicbVDLSgMxFM3UV62vqks3wSK4KjMq6EYo6sKNWME+oFNKJr1tQzMPkjtiGeZD3Pgrblwo4saF4N+YtrPQ6oGEk3Pu5eYe L5JCo21/Wbm5+YXFpfxyYWV1bX2juLlV12GsONR4KEPV9JgGKQKooUAJzUgB8z0JDW94PvYbd6C0CINbHEXQ9lk/ED3BGRqpUzx0 r33os44bDQQ9pdkrcTVXIsLsxpEE6iLcY3JxlaadYsku2xPQv8TJSIlkqHaKH2435LEPAXLJtG45doTthCkUXEJacGMNEeND1oeWo QHzQbeTyXIp3TNKl/ZCZU6AdKL+7EiYr/XI90ylz3CgZ72x+J/XirF30k5EEMUIAZ8O6sWSYkjHSdGuUMBRjgxhJgfzV8oHTDGOJs +CCcGZXfkvqR+UHbvs3ByVKmdZHHmyQ3bJPnHIMamQS1IlNcLJA3kiL+TVerSerTfrfVqas7KebfIL1uc35GOihA==</latexit><latexit sha1_base64="VBtcvJIeow+Tv1DSdGsU4E4LpZs=" >AAACHHicbVDLSgMxFM3UV62vqks3wSK4KjMq6EYo6sKNWME+oFNKJr1tQzMPkjtiGeZD3Pgrblwo4saF4N+YtrPQ6oGEk3Pu5eYe L5JCo21/Wbm5+YXFpfxyYWV1bX2juLlV12GsONR4KEPV9JgGKQKooUAJzUgB8z0JDW94PvYbd6C0CINbHEXQ9lk/ED3BGRqpUzx0 r33os44bDQQ9pdkrcTVXIsLsxpEE6iLcY3JxlaadYsku2xPQv8TJSIlkqHaKH2435LEPAXLJtG45doTthCkUXEJacGMNEeND1oeWo QHzQbeTyXIp3TNKl/ZCZU6AdKL+7EiYr/XI90ylz3CgZ72x+J/XirF30k5EEMUIAZ8O6sWSYkjHSdGuUMBRjgxhJgfzV8oHTDGOJs +CCcGZXfkvqR+UHbvs3ByVKmdZHHmyQ3bJPnHIMamQS1IlNcLJA3kiL+TVerSerTfrfVqas7KebfIL1uc35GOihA==</latexit>
  > H(mh)
<latexit sha1_base64="JI6GoObvMYlt8KNXir/8tHCwsDE =">AAAB+nicdZDLSsNAFIYnXmu9pbp0M1iEuglJG7ArKbqwywr2Am0Ik+m0HTqThJmJUmIfxY0LRdz6JO58GydtBBX9YeDw/e dwzvxBzKhUtv1hrKyurW9sFraK2zu7e/tm6aAjo0Rg0sYRi0QvQJIwGpK2ooqRXiwI4gEj3WB6mfndWyIkjcIbNYuJx9E4pCOK kdLIN0uDK8Q5guewWeF+Opmf+mbZttyq49Zr0LbshWBG3Lpbg05OyiBXyzffB8MIJ5yECjMkZd+xY+WlSCiKGZkXB4kkMcJTN CZ9XYaIE+mli9Pn8ESTIRxFQr9QwQX9PpEiLuWMB7qTIzWRv70M/uX1EzWqeykN40SREC8XjRIGVQSzHOCQCoIVm+kCYUH1rR BPkEBY6bSKOoSvn8L/i07VcmzLuXbLjYs8jgI4AsegAhxwBhqgCVqgDTC4Aw/gCTwb98aj8WK8LltXjHzmEPyQ8fYJwMGTBg== </latexit><latexit sha1_base64="JI6GoObvMYlt8KNXir/8tHCwsDE =">AAAB+nicdZDLSsNAFIYnXmu9pbp0M1iEuglJG7ArKbqwywr2Am0Ik+m0HTqThJmJUmIfxY0LRdz6JO58GydtBBX9YeDw/e dwzvxBzKhUtv1hrKyurW9sFraK2zu7e/tm6aAjo0Rg0sYRi0QvQJIwGpK2ooqRXiwI4gEj3WB6mfndWyIkjcIbNYuJx9E4pCOK kdLIN0uDK8Q5guewWeF+Opmf+mbZttyq49Zr0LbshWBG3Lpbg05OyiBXyzffB8MIJ5yECjMkZd+xY+WlSCiKGZkXB4kkMcJTN CZ9XYaIE+mli9Pn8ESTIRxFQr9QwQX9PpEiLuWMB7qTIzWRv70M/uX1EzWqeykN40SREC8XjRIGVQSzHOCQCoIVm+kCYUH1rR BPkEBY6bSKOoSvn8L/i07VcmzLuXbLjYs8jgI4AsegAhxwBhqgCVqgDTC4Aw/gCTwb98aj8WK8LltXjHzmEPyQ8fYJwMGTBg== </latexit><latexit sha1_base64="JI6GoObvMYlt8KNXir/8tHCwsDE =">AAAB+nicdZDLSsNAFIYnXmu9pbp0M1iEuglJG7ArKbqwywr2Am0Ik+m0HTqThJmJUmIfxY0LRdz6JO58GydtBBX9YeDw/e dwzvxBzKhUtv1hrKyurW9sFraK2zu7e/tm6aAjo0Rg0sYRi0QvQJIwGpK2ooqRXiwI4gEj3WB6mfndWyIkjcIbNYuJx9E4pCOK kdLIN0uDK8Q5guewWeF+Opmf+mbZttyq49Zr0LbshWBG3Lpbg05OyiBXyzffB8MIJ5yECjMkZd+xY+WlSCiKGZkXB4kkMcJTN CZ9XYaIE+mli9Pn8ESTIRxFQr9QwQX9PpEiLuWMB7qTIzWRv70M/uX1EzWqeykN40SREC8XjRIGVQSzHOCQCoIVm+kCYUH1rR BPkEBY6bSKOoSvn8L/i07VcmzLuXbLjYs8jgI4AsegAhxwBhqgCVqgDTC4Aw/gCTwb98aj8WK8LltXjHzmEPyQ8fYJwMGTBg== </latexit><latexit sha1_base64="JI6GoObvMYlt8KNXir/8tHCwsDE =">AAAB+nicdZDLSsNAFIYnXmu9pbp0M1iEuglJG7ArKbqwywr2Am0Ik+m0HTqThJmJUmIfxY0LRdz6JO58GydtBBX9YeDw/e dwzvxBzKhUtv1hrKyurW9sFraK2zu7e/tm6aAjo0Rg0sYRi0QvQJIwGpK2ooqRXiwI4gEj3WB6mfndWyIkjcIbNYuJx9E4pCOK kdLIN0uDK8Q5guewWeF+Opmf+mbZttyq49Zr0LbshWBG3Lpbg05OyiBXyzffB8MIJ5yECjMkZd+xY+WlSCiKGZkXB4kkMcJTN CZ9XYaIE+mli9Pn8ESTIRxFQr9QwQX9PpEiLuWMB7qTIzWRv70M/uX1EzWqeykN40SREC8XjRIGVQSzHOCQCoIVm+kCYUH1rR BPkEBY6bSKOoSvn8L/i07VcmzLuXbLjYs8jgI4AsegAhxwBhqgCVqgDTC4Aw/gCTwb98aj8WK8LltXjHzmEPyQ8fYJwMGTBg== </latexit>
��-� ��-� ��-� ��-� ��� �������
����
����
����
����
����
�
���
���
���
⇤UV < TeV
<latexit sha1_base64="QCyrUdWX8FFBAFpjge1qAT/RNDM=">AAACB3icdVC7SgNBFJ31GeMrainIYBCswq4IJmARtLGwiJ BsAtkQZic3yZDZBzN3xbCks/FXbCwUsfUX7PwbJw8hih4YOJxzLnfu8WMpNNr2p7WwuLS8sppZy65vbG5t53Z2XR0likONRzJSDZ9pkCKEGgqU0IgVsMCXUPcHl2O/fgtKiyis4jCGVsB6oegKztBI7dyBd23CHdb2EO4wrbkjek6nvAruqJ3L2wV7AjpHSqWiUy xRZ6bkyQyVdu7D60Q8CSBELpnWTceOsZUyhYJLGGW9REPM+ID1oGloyALQrXRyx4geGaVDu5EyL0Q6UecnUhZoPQx8kwwY9vVvbyz+5TUT7BZbqQjjBCHk00XdRFKM6LgU2hEKOMqhIYwrYf5KeZ8pxtFUlzUlfF9K/yfuScGxC87Nab58MasjQ/bJITkmDjkjZX JFKqRGOLknj+SZvFgP1pP1ar1NowvWbGaP/ID1/gUB0Zln</latexit><latexit sha1_base64="QCyrUdWX8FFBAFpjge1qAT/RNDM=">AAACB3icdVC7SgNBFJ31GeMrainIYBCswq4IJmARtLGwiJ BsAtkQZic3yZDZBzN3xbCks/FXbCwUsfUX7PwbJw8hih4YOJxzLnfu8WMpNNr2p7WwuLS8sppZy65vbG5t53Z2XR0likONRzJSDZ9pkCKEGgqU0IgVsMCXUPcHl2O/fgtKiyis4jCGVsB6oegKztBI7dyBd23CHdb2EO4wrbkjek6nvAruqJ3L2wV7AjpHSqWiUy xRZ6bkyQyVdu7D60Q8CSBELpnWTceOsZUyhYJLGGW9REPM+ID1oGloyALQrXRyx4geGaVDu5EyL0Q6UecnUhZoPQx8kwwY9vVvbyz+5TUT7BZbqQjjBCHk00XdRFKM6LgU2hEKOMqhIYwrYf5KeZ8pxtFUlzUlfF9K/yfuScGxC87Nab58MasjQ/bJITkmDjkjZX JFKqRGOLknj+SZvFgP1pP1ar1NowvWbGaP/ID1/gUB0Zln</latexit><latexit sha1_base64="QCyrUdWX8FFBAFpjge1qAT/RNDM=">AAACB3icdVC7SgNBFJ31GeMrainIYBCswq4IJmARtLGwiJ BsAtkQZic3yZDZBzN3xbCks/FXbCwUsfUX7PwbJw8hih4YOJxzLnfu8WMpNNr2p7WwuLS8sppZy65vbG5t53Z2XR0likONRzJSDZ9pkCKEGgqU0IgVsMCXUPcHl2O/fgtKiyis4jCGVsB6oegKztBI7dyBd23CHdb2EO4wrbkjek6nvAruqJ3L2wV7AjpHSqWiUy xRZ6bkyQyVdu7D60Q8CSBELpnWTceOsZUyhYJLGGW9REPM+ID1oGloyALQrXRyx4geGaVDu5EyL0Q6UecnUhZoPQx8kwwY9vVvbyz+5TUT7BZbqQjjBCHk00XdRFKM6LgU2hEKOMqhIYwrYf5KeZ8pxtFUlzUlfF9K/yfuScGxC87Nab58MasjQ/bJITkmDjkjZX JFKqRGOLknj+SZvFgP1pP1ar1NowvWbGaP/ID1/gUB0Zln</latexit><latexit sha1_base64="QCyrUdWX8FFBAFpjge1qAT/RNDM=">AAACB3icdVC7SgNBFJ31GeMrainIYBCswq4IJmARtLGwiJ BsAtkQZic3yZDZBzN3xbCks/FXbCwUsfUX7PwbJw8hih4YOJxzLnfu8WMpNNr2p7WwuLS8sppZy65vbG5t53Z2XR0likONRzJSDZ9pkCKEGgqU0IgVsMCXUPcHl2O/fgtKiyis4jCGVsB6oegKztBI7dyBd23CHdb2EO4wrbkjek6nvAruqJ3L2wV7AjpHSqWiUy xRZ6bkyQyVdu7D60Q8CSBELpnWTceOsZUyhYJLGGW9REPM+ID1oGloyALQrXRyx4geGaVDu5EyL0Q6UecnUhZoPQx8kwwY9vVvbyz+5TUT7BZbqQjjBCHk00XdRFKM6LgU2hEKOMqhIYwrYf5KeZ8pxtFUlzUlfF9K/yfuScGxC87Nab58MasjQ/bJITkmDjkjZX JFKqRGOLknj+SZvFgP1pP1ar1NowvWbGaP/ID1/gUB0Zln</latexit>
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c
<latexit sha1_base64="HdppDxuNSnwZbmeXDVBHprpQWpI=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFZJSa7srunEjVLAPaEKZTCft0MmDmRuxhP6GGxeKuPVn3Pk3TtoIKnrgwuGce7n3Hi8WXIFlfRiFldW19Y3iZmlre2d3r7x/0FVRIinr0EhEsu8RxQQPWQc4CNaPJSOBJ1jPm15mfu+OScWj8BZmMXMDMg65zykBLTm2A+weUnwd0/mwXLHMZuOsZtexZVoLZKRab1Zr2M6VCsrRHpbfnVFEk4CFQAVRamBbMbgpkcCpYPOSkygWEzolYzbQNCQBU266uHmOT7Qywn4kdYWAF+r3iZQESs0CT3cGBCbqt5eJf3mDBPyGm/IwToCFdLnITwSGCGcB4BGXjIKYaUKo5PpWTCdEEgo6ppIO4etT/D/pVk3bMu2bWqV1kcdRREfoGJ0iG52jFrpCbdRBFMXoAT2hZyMxHo0X43XZWjDymUP0A8bbJxGvkbQ=</latexit><latexit sha1_base64="HdppDxuNSnwZbmeXDVBHprpQWpI=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFZJSa7srunEjVLAPaEKZTCft0MmDmRuxhP6GGxeKuPVn3Pk3TtoIKnrgwuGce7n3Hi8WXIFlfRiFldW19Y3iZmlre2d3r7x/0FVRIinr0EhEsu8RxQQPWQc4CNaPJSOBJ1jPm15mfu+OScWj8BZmMXMDMg65zykBLTm2A+weUnwd0/mwXLHMZuOsZtexZVoLZKRab1Zr2M6VCsrRHpbfnVFEk4CFQAVRamBbMbgpkcCpYPOSkygWEzolYzbQNCQBU266uHmOT7Qywn4kdYWAF+r3iZQESs0CT3cGBCbqt5eJf3mDBPyGm/IwToCFdLnITwSGCGcB4BGXjIKYaUKo5PpWTCdEEgo6ppIO4etT/D/pVk3bMu2bWqV1kcdRREfoGJ0iG52jFrpCbdRBFMXoAT2hZyMxHo0X43XZWjDymUP0A8bbJxGvkbQ=</latexit><latexit sha1_base64="HdppDxuNSnwZbmeXDVBHprpQWpI=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFZJSa7srunEjVLAPaEKZTCft0MmDmRuxhP6GGxeKuPVn3Pk3TtoIKnrgwuGce7n3Hi8WXIFlfRiFldW19Y3iZmlre2d3r7x/0FVRIinr0EhEsu8RxQQPWQc4CNaPJSOBJ1jPm15mfu+OScWj8BZmMXMDMg65zykBLTm2A+weUnwd0/mwXLHMZuOsZtexZVoLZKRab1Zr2M6VCsrRHpbfnVFEk4CFQAVRamBbMbgpkcCpYPOSkygWEzolYzbQNCQBU266uHmOT7Qywn4kdYWAF+r3iZQESs0CT3cGBCbqt5eJf3mDBPyGm/IwToCFdLnITwSGCGcB4BGXjIKYaUKo5PpWTCdEEgo6ppIO4etT/D/pVk3bMu2bWqV1kcdRREfoGJ0iG52jFrpCbdRBFMXoAT2hZyMxHo0X43XZWjDymUP0A8bbJxGvkbQ=</latexit><latexit sha1_base64="HdppDxuNSnwZbmeXDVBHprpQWpI=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFZJSa7srunEjVLAPaEKZTCft0MmDmRuxhP6GGxeKuPVn3Pk3TtoIKnrgwuGce7n3Hi8WXIFlfRiFldW19Y3iZmlre2d3r7x/0FVRIinr0EhEsu8RxQQPWQc4CNaPJSOBJ1jPm15mfu+OScWj8BZmMXMDMg65zykBLTm2A+weUnwd0/mwXLHMZuOsZtexZVoLZKRab1Zr2M6VCsrRHpbfnVFEk4CFQAVRamBbMbgpkcCpYPOSkygWEzolYzbQNCQBU266uHmOT7Qywn4kdYWAF+r3iZQESs0CT3cGBCbqt5eJf3mDBPyGm/IwToCFdLnITwSGCGcB4BGXjIKYaUKo5PpWTCdEEgo6ppIO4etT/D/pVk3bMu2bWqV1kcdRREfoGJ0iG52jFrpCbdRBFMXoAT2hZyMxHo0X43XZWjDymUP0A8bbJxGvkbQ=</latexit>
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c
<latexit sha1_base64="D19aqIOEQGHNo6ghf3pW6YGTVVY=">AAAB9XicdVDLSgNBEJyNrxhfUY9eBoPgadkNMSa3oBcvQgTzgGQNs5PZZMjsg5leNSz5Dy8eFPHqv3jzb5xNVlDRgoaiqpvuLjcSXIFlfRi5peWV1bX8emFjc2t7p7i711ZhLClr0VCEsusSxQQPWAs4CNaNJCO+K1jHnZynfueWScXD4BqmEXN8Mgq4xykBLd1Ypt0Hdg8JvozobFAsWWa9dlKxq9gyrTlSUq7WyxVsZ0oJZWgOiu/9YUhjnwVABVGqZ1sROAmRwKlgs0I/ViwidEJGrKdpQHymnGR+9QwfaWWIvVDqCgDP1e8TCfGVmvqu7vQJjNVvLxX/8noxeDUn4UEUAwvoYpEXCwwhTiPAQy4ZBTHVhFDJ9a2YjokkFHRQBR3C16f4f9Ium7YO76pSapxlceTRATpEx8hGp6iBLlATtRBFEj2gJ/Rs3BmPxovxumjNGdnMPvoB4+0T7rWSJg==</latexit><latexit sha1_base64="D19aqIOEQGHNo6ghf3pW6YGTVVY=">AAAB9XicdVDLSgNBEJyNrxhfUY9eBoPgadkNMSa3oBcvQgTzgGQNs5PZZMjsg5leNSz5Dy8eFPHqv3jzb5xNVlDRgoaiqpvuLjcSXIFlfRi5peWV1bX8emFjc2t7p7i711ZhLClr0VCEsusSxQQPWAs4CNaNJCO+K1jHnZynfueWScXD4BqmEXN8Mgq4xykBLd1Ypt0Hdg8JvozobFAsWWa9dlKxq9gyrTlSUq7WyxVsZ0oJZWgOiu/9YUhjnwVABVGqZ1sROAmRwKlgs0I/ViwidEJGrKdpQHymnGR+9QwfaWWIvVDqCgDP1e8TCfGVmvqu7vQJjNVvLxX/8noxeDUn4UEUAwvoYpEXCwwhTiPAQy4ZBTHVhFDJ9a2YjokkFHRQBR3C16f4f9Ium7YO76pSapxlceTRATpEx8hGp6iBLlATtRBFEj2gJ/Rs3BmPxovxumjNGdnMPvoB4+0T7rWSJg==</latexit><latexit sha1_base64="D19aqIOEQGHNo6ghf3pW6YGTVVY=">AAAB9XicdVDLSgNBEJyNrxhfUY9eBoPgadkNMSa3oBcvQgTzgGQNs5PZZMjsg5leNSz5Dy8eFPHqv3jzb5xNVlDRgoaiqpvuLjcSXIFlfRi5peWV1bX8emFjc2t7p7i711ZhLClr0VCEsusSxQQPWAs4CNaNJCO+K1jHnZynfueWScXD4BqmEXN8Mgq4xykBLd1Ypt0Hdg8JvozobFAsWWa9dlKxq9gyrTlSUq7WyxVsZ0oJZWgOiu/9YUhjnwVABVGqZ1sROAmRwKlgs0I/ViwidEJGrKdpQHymnGR+9QwfaWWIvVDqCgDP1e8TCfGVmvqu7vQJjNVvLxX/8noxeDUn4UEUAwvoYpEXCwwhTiPAQy4ZBTHVhFDJ9a2YjokkFHRQBR3C16f4f9Ium7YO76pSapxlceTRATpEx8hGp6iBLlATtRBFEj2gJ/Rs3BmPxovxumjNGdnMPvoB4+0T7rWSJg==</latexit><latexit sha1_base64="D19aqIOEQGHNo6ghf3pW6YGTVVY=">AAAB9XicdVDLSgNBEJyNrxhfUY9eBoPgadkNMSa3oBcvQgTzgGQNs5PZZMjsg5leNSz5Dy8eFPHqv3jzb5xNVlDRgoaiqpvuLjcSXIFlfRi5peWV1bX8emFjc2t7p7i711ZhLClr0VCEsusSxQQPWAs4CNaNJCO+K1jHnZynfueWScXD4BqmEXN8Mgq4xykBLd1Ypt0Hdg8JvozobFAsWWa9dlKxq9gyrTlSUq7WyxVsZ0oJZWgOiu/9YUhjnwVABVGqZ1sROAmRwKlgs0I/ViwidEJGrKdpQHymnGR+9QwfaWWIvVDqCgDP1e8TCfGVmvqu7vQJjNVvLxX/8noxeDUn4UEUAwvoYpEXCwwhTiPAQy4ZBTHVhFDJ9a2YjokkFHRQBR3C16f4f9Ium7YO76pSapxlceTRATpEx8hGp6iBLlATtRBFEj2gJ/Rs3BmPxovxumjNGdnMPvoB4+0T7rWSJg==</latexit>
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<latexit sha1_base64="zzheJ27r+sXx5Fc8tYn/S16zylE=">AAAB+HicdVDLSgNBEJyNrxgfWfXoZTAInpbdEGNyC3rxIkQwD0iWMDuZJENmH8z0inHJl3jxoIhXP8Wbf+NssoKKFjQUVd10d3mR4Aps+8PIrayurW/kNwtb2zu7RXNvv63CWFLWoqEIZdcjigkesBZwEKwbSUZ8T7CON71I/c4tk4qHwQ3MIub6ZBzwEacEtDQwi7ZlV/vA7iDBVxGdD8ySbdVrpxWnirW1QErK1Xq5gp1MKaEMzYH53h+GNPZZAFQQpXqOHYGbEAmcCjYv9GPFIkKnZMx6mgbEZ8pNFofP8bFWhngUSl0B4IX6fSIhvlIz39OdPoGJ+u2l4l9eL4ZRzU14EMXAArpcNIoFhhCnKeAhl4yCmGlCqOT6VkwnRBIKOquCDuHrU/w/aZctx7ac60qpcZ7FkUeH6AidIAedoQa6RE3UQhTF6AE9oWfj3ng0XozXZWvOyGYO0A8Yb5/eoJKW</latexit><latexit sha1_base64="zzheJ27r+sXx5Fc8tYn/S16zylE=">AAAB+HicdVDLSgNBEJyNrxgfWfXoZTAInpbdEGNyC3rxIkQwD0iWMDuZJENmH8z0inHJl3jxoIhXP8Wbf+NssoKKFjQUVd10d3mR4Aps+8PIrayurW/kNwtb2zu7RXNvv63CWFLWoqEIZdcjigkesBZwEKwbSUZ8T7CON71I/c4tk4qHwQ3MIub6ZBzwEacEtDQwi7ZlV/vA7iDBVxGdD8ySbdVrpxWnirW1QErK1Xq5gp1MKaEMzYH53h+GNPZZAFQQpXqOHYGbEAmcCjYv9GPFIkKnZMx6mgbEZ8pNFofP8bFWhngUSl0B4IX6fSIhvlIz39OdPoGJ+u2l4l9eL4ZRzU14EMXAArpcNIoFhhCnKeAhl4yCmGlCqOT6VkwnRBIKOquCDuHrU/w/aZctx7ac60qpcZ7FkUeH6AidIAedoQa6RE3UQhTF6AE9oWfj3ng0XozXZWvOyGYO0A8Yb5/eoJKW</latexit><latexit sha1_base64="zzheJ27r+sXx5Fc8tYn/S16zylE=">AAAB+HicdVDLSgNBEJyNrxgfWfXoZTAInpbdEGNyC3rxIkQwD0iWMDuZJENmH8z0inHJl3jxoIhXP8Wbf+NssoKKFjQUVd10d3mR4Aps+8PIrayurW/kNwtb2zu7RXNvv63CWFLWoqEIZdcjigkesBZwEKwbSUZ8T7CON71I/c4tk4qHwQ3MIub6ZBzwEacEtDQwi7ZlV/vA7iDBVxGdD8ySbdVrpxWnirW1QErK1Xq5gp1MKaEMzYH53h+GNPZZAFQQpXqOHYGbEAmcCjYv9GPFIkKnZMx6mgbEZ8pNFofP8bFWhngUSl0B4IX6fSIhvlIz39OdPoGJ+u2l4l9eL4ZRzU14EMXAArpcNIoFhhCnKeAhl4yCmGlCqOT6VkwnRBIKOquCDuHrU/w/aZctx7ac60qpcZ7FkUeH6AidIAedoQa6RE3UQhTF6AE9oWfj3ng0XozXZWvOyGYO0A8Yb5/eoJKW</latexit><latexit sha1_base64="zzheJ27r+sXx5Fc8tYn/S16zylE=">AAAB+HicdVDLSgNBEJyNrxgfWfXoZTAInpbdEGNyC3rxIkQwD0iWMDuZJENmH8z0inHJl3jxoIhXP8Wbf+NssoKKFjQUVd10d3mR4Aps+8PIrayurW/kNwtb2zu7RXNvv63CWFLWoqEIZdcjigkesBZwEKwbSUZ8T7CON71I/c4tk4qHwQ3MIub6ZBzwEacEtDQwi7ZlV/vA7iDBVxGdD8ySbdVrpxWnirW1QErK1Xq5gp1MKaEMzYH53h+GNPZZAFQQpXqOHYGbEAmcCjYv9GPFIkKnZMx6mgbEZ8pNFofP8bFWhngUSl0B4IX6fSIhvlIz39OdPoGJ+u2l4l9eL4ZRzU14EMXAArpcNIoFhhCnKeAhl4yCmGlCqOT6VkwnRBIKOquCDuHrU/w/aZctx7ac60qpcZ7FkUeH6AidIAedoQa6RE3UQhTF6AE9oWfj3ng0XozXZWvOyGYO0A8Yb5/eoJKW</latexit>
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<latexit sha1_base64="hy9F8wUV9GdAYgay5IxbRPmR394=">AAAB+nicdVDLSgMxFM3UV62vVpdugkVwNcyUWttdURCXFe 0D2mHIZNI2NPMguaOWsZ/ixoUibv0Sd/6N6UNQ0QOBwznncm+OFwuuwLI+jMzS8srqWnY9t7G5tb2TL+y2VJRIypo0EpHseEQxwUPWBA6CdWLJSOAJ1vZGZ1O/fcOk4lF4DeOYOQEZhLzPKQEtuflCT+iwT9wesDtIz68mbr5ombXqcdmuYMu0ZpiSUqVWKmN7oR TRAg03/97zI5oELAQqiFJd24rBSYkETgWb5HqJYjGhIzJgXU1DEjDlpLPTJ/hQKz7uR1K/EPBM/T6RkkCpceDpZEBgqH57U/Evr5tAv+qkPIwTYCGdL+onAkOEpz1gn0tGQYw1IVRyfSumQyIJBd1WTpfw9VP8P2mVTNsy7ctysX66qCOL9tEBOkI2OkF1dIEaqI koukUP6Ak9G/fGo/FivM6jGWMxs4d+wHj7BM+2lFs=</latexit><latexit sha1_base64="hy9F8wUV9GdAYgay5IxbRPmR394=">AAAB+nicdVDLSgMxFM3UV62vVpdugkVwNcyUWttdURCXFe 0D2mHIZNI2NPMguaOWsZ/ixoUibv0Sd/6N6UNQ0QOBwznncm+OFwuuwLI+jMzS8srqWnY9t7G5tb2TL+y2VJRIypo0EpHseEQxwUPWBA6CdWLJSOAJ1vZGZ1O/fcOk4lF4DeOYOQEZhLzPKQEtuflCT+iwT9wesDtIz68mbr5ombXqcdmuYMu0ZpiSUqVWKmN7oR TRAg03/97zI5oELAQqiFJd24rBSYkETgWb5HqJYjGhIzJgXU1DEjDlpLPTJ/hQKz7uR1K/EPBM/T6RkkCpceDpZEBgqH57U/Evr5tAv+qkPIwTYCGdL+onAkOEpz1gn0tGQYw1IVRyfSumQyIJBd1WTpfw9VP8P2mVTNsy7ctysX66qCOL9tEBOkI2OkF1dIEaqI koukUP6Ak9G/fGo/FivM6jGWMxs4d+wHj7BM+2lFs=</latexit><latexit sha1_base64="hy9F8wUV9GdAYgay5IxbRPmR394=">AAAB+nicdVDLSgMxFM3UV62vVpdugkVwNcyUWttdURCXFe 0D2mHIZNI2NPMguaOWsZ/ixoUibv0Sd/6N6UNQ0QOBwznncm+OFwuuwLI+jMzS8srqWnY9t7G5tb2TL+y2VJRIypo0EpHseEQxwUPWBA6CdWLJSOAJ1vZGZ1O/fcOk4lF4DeOYOQEZhLzPKQEtuflCT+iwT9wesDtIz68mbr5ombXqcdmuYMu0ZpiSUqVWKmN7oR TRAg03/97zI5oELAQqiFJd24rBSYkETgWb5HqJYjGhIzJgXU1DEjDlpLPTJ/hQKz7uR1K/EPBM/T6RkkCpceDpZEBgqH57U/Evr5tAv+qkPIwTYCGdL+onAkOEpz1gn0tGQYw1IVRyfSumQyIJBd1WTpfw9VP8P2mVTNsy7ctysX66qCOL9tEBOkI2OkF1dIEaqI koukUP6Ak9G/fGo/FivM6jGWMxs4d+wHj7BM+2lFs=</latexit><latexit sha1_base64="hy9F8wUV9GdAYgay5IxbRPmR394=">AAAB+nicdVDLSgMxFM3UV62vVpdugkVwNcyUWttdURCXFe 0D2mHIZNI2NPMguaOWsZ/ixoUibv0Sd/6N6UNQ0QOBwznncm+OFwuuwLI+jMzS8srqWnY9t7G5tb2TL+y2VJRIypo0EpHseEQxwUPWBA6CdWLJSOAJ1vZGZ1O/fcOk4lF4DeOYOQEZhLzPKQEtuflCT+iwT9wesDtIz68mbr5ombXqcdmuYMu0ZpiSUqVWKmN7oR TRAg03/97zI5oELAQqiFJd24rBSYkETgWb5HqJYjGhIzJgXU1DEjDlpLPTJ/hQKz7uR1K/EPBM/T6RkkCpceDpZEBgqH57U/Evr5tAv+qkPIwTYCGdL+onAkOEpz1gn0tGQYw1IVRyfSumQyIJBd1WTpfw9VP8P2mVTNsy7ctysX66qCOL9tEBOkI2OkF1dIEaqI koukUP6Ak9G/fGo/FivM6jGWMxs4d+wHj7BM+2lFs=</latexit>
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<latexit sha1_base64="U2huwSmb+iyELgfne5QvHuhciAw=">AAACE3icdVDLSsNAFJ34tr6iLt1MLUJ1URIN2JWILnRZwT6gCWUynej gTBJmboQS+g9u/BU3LhRx68adf+O0jaCiB+5wOOde7twTpoJrcJwPa2p6ZnZufmGxtLS8srpmr2+0dJIpypo0EYnqhEQzwWPWBA6CdVLFiAwFa4c3pyO/fcuU5kl8CYOUBZJcxTzilICRevaef0akJNgvH5k6r8pe7muqeArFCwPBcHvol3d7dsWpefuuVz/ATs0ZA48Ur+4dYLdQKqhA o2e/+/2EZpLFQAXRuus6KQQ5UcCpYMOSn2mWEnpDrljX0JhIpoN8fNMQ7xilj6NEmYoBj9XvEzmRWg9kaDolgWv92xuJf3ndDKJ6kPM4zYDFdLIoygSGBI8Cwn2uGAUxMISYCMxfMb0milAwMZZMCF+X4v9Ja7/mOjX3wqscnxRxLKAttI2qyEWH6BidowZqIoru0AN6Qs/WvfVovVivk9 Ypq5jZRD9gvX0CXdCdPQ==</latexit><latexit sha1_base64="U2huwSmb+iyELgfne5QvHuhciAw=">AAACE3icdVDLSsNAFJ34tr6iLt1MLUJ1URIN2JWILnRZwT6gCWUynej gTBJmboQS+g9u/BU3LhRx68adf+O0jaCiB+5wOOde7twTpoJrcJwPa2p6ZnZufmGxtLS8srpmr2+0dJIpypo0EYnqhEQzwWPWBA6CdVLFiAwFa4c3pyO/fcuU5kl8CYOUBZJcxTzilICRevaef0akJNgvH5k6r8pe7muqeArFCwPBcHvol3d7dsWpefuuVz/ATs0ZA48Ur+4dYLdQKqhA o2e/+/2EZpLFQAXRuus6KQQ5UcCpYMOSn2mWEnpDrljX0JhIpoN8fNMQ7xilj6NEmYoBj9XvEzmRWg9kaDolgWv92xuJf3ndDKJ6kPM4zYDFdLIoygSGBI8Cwn2uGAUxMISYCMxfMb0milAwMZZMCF+X4v9Ja7/mOjX3wqscnxRxLKAttI2qyEWH6BidowZqIoru0AN6Qs/WvfVovVivk9 Ypq5jZRD9gvX0CXdCdPQ==</latexit><latexit sha1_base64="U2huwSmb+iyELgfne5QvHuhciAw=">AAACE3icdVDLSsNAFJ34tr6iLt1MLUJ1URIN2JWILnRZwT6gCWUynej gTBJmboQS+g9u/BU3LhRx68adf+O0jaCiB+5wOOde7twTpoJrcJwPa2p6ZnZufmGxtLS8srpmr2+0dJIpypo0EYnqhEQzwWPWBA6CdVLFiAwFa4c3pyO/fcuU5kl8CYOUBZJcxTzilICRevaef0akJNgvH5k6r8pe7muqeArFCwPBcHvol3d7dsWpefuuVz/ATs0ZA48Ur+4dYLdQKqhA o2e/+/2EZpLFQAXRuus6KQQ5UcCpYMOSn2mWEnpDrljX0JhIpoN8fNMQ7xilj6NEmYoBj9XvEzmRWg9kaDolgWv92xuJf3ndDKJ6kPM4zYDFdLIoygSGBI8Cwn2uGAUxMISYCMxfMb0milAwMZZMCF+X4v9Ja7/mOjX3wqscnxRxLKAttI2qyEWH6BidowZqIoru0AN6Qs/WvfVovVivk9 Ypq5jZRD9gvX0CXdCdPQ==</latexit><latexit sha1_base64="U2huwSmb+iyELgfne5QvHuhciAw=">AAACE3icdVDLSsNAFJ34tr6iLt1MLUJ1URIN2JWILnRZwT6gCWUynej gTBJmboQS+g9u/BU3LhRx68adf+O0jaCiB+5wOOde7twTpoJrcJwPa2p6ZnZufmGxtLS8srpmr2+0dJIpypo0EYnqhEQzwWPWBA6CdVLFiAwFa4c3pyO/fcuU5kl8CYOUBZJcxTzilICRevaef0akJNgvH5k6r8pe7muqeArFCwPBcHvol3d7dsWpefuuVz/ATs0ZA48Ur+4dYLdQKqhA o2e/+/2EZpLFQAXRuus6KQQ5UcCpYMOSn2mWEnpDrljX0JhIpoN8fNMQ7xilj6NEmYoBj9XvEzmRWg9kaDolgWv92xuJf3ndDKJ6kPM4zYDFdLIoygSGBI8Cwn2uGAUxMISYCMxfMb0milAwMZZMCF+X4v9Ja7/mOjX3wqscnxRxLKAttI2qyEWH6BidowZqIoru0AN6Qs/WvfVovVivk9 Ypq5jZRD9gvX0CXdCdPQ==</latexit>
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<latexit sha1_base64="rc68UrQkBRpHLSLjCb4y5UqwI+o=">AAACEHicdVA9SwNBEN2L3/ErammzGkQLCXdR0DQi2lgqmC jkQtjbTMyS3b1jd04MR36CjX/FxkIRW0s7/42bGEFFHww83pthZl6USGHR99+93Nj4xOTU9Ex+dm5+YbGwtFyzcWo4VHksY3MZMQtSaKiiQAmXiQGmIgkXUfd44F9cg7Ei1ufYS6Ch2JUWbcEZOqlZ2MxCy41I0GJPQmhT1Q+3qWqGOqXh2kGIcIMZ1PrNQtEvVf bLOzt71C/5QzhSqVSCcpkGI6VIRjhtFt7CVsxTBRq5ZNbWAz/BRsYMCi6hnw9TCwnjXXYFdUc1U2Ab2fChPt1wSou2Y+NKIx2q3ycypqztqch1KoYd+9sbiH959RTb+41M6CRF0PxzUTuVFGM6SIe2hAGOsucIc7G4WynvMMM4ugzzLoSvT+n/pFYuBX4pONstHh 6N4pgmq2SdbJGA7JFDckJOSZVwckvuySN58u68B+/Ze/lszXmjmRXyA97rB7G5nZ4=</latexit><latexit sha1_base64="rc68UrQkBRpHLSLjCb4y5UqwI+o=">AAACEHicdVA9SwNBEN2L3/ErammzGkQLCXdR0DQi2lgqmC jkQtjbTMyS3b1jd04MR36CjX/FxkIRW0s7/42bGEFFHww83pthZl6USGHR99+93Nj4xOTU9Ex+dm5+YbGwtFyzcWo4VHksY3MZMQtSaKiiQAmXiQGmIgkXUfd44F9cg7Ei1ufYS6Ch2JUWbcEZOqlZ2MxCy41I0GJPQmhT1Q+3qWqGOqXh2kGIcIMZ1PrNQtEvVf bLOzt71C/5QzhSqVSCcpkGI6VIRjhtFt7CVsxTBRq5ZNbWAz/BRsYMCi6hnw9TCwnjXXYFdUc1U2Ab2fChPt1wSou2Y+NKIx2q3ycypqztqch1KoYd+9sbiH959RTb+41M6CRF0PxzUTuVFGM6SIe2hAGOsucIc7G4WynvMMM4ugzzLoSvT+n/pFYuBX4pONstHh 6N4pgmq2SdbJGA7JFDckJOSZVwckvuySN58u68B+/Ze/lszXmjmRXyA97rB7G5nZ4=</latexit><latexit sha1_base64="rc68UrQkBRpHLSLjCb4y5UqwI+o=">AAACEHicdVA9SwNBEN2L3/ErammzGkQLCXdR0DQi2lgqmC jkQtjbTMyS3b1jd04MR36CjX/FxkIRW0s7/42bGEFFHww83pthZl6USGHR99+93Nj4xOTU9Ex+dm5+YbGwtFyzcWo4VHksY3MZMQtSaKiiQAmXiQGmIgkXUfd44F9cg7Ei1ufYS6Ch2JUWbcEZOqlZ2MxCy41I0GJPQmhT1Q+3qWqGOqXh2kGIcIMZ1PrNQtEvVf bLOzt71C/5QzhSqVSCcpkGI6VIRjhtFt7CVsxTBRq5ZNbWAz/BRsYMCi6hnw9TCwnjXXYFdUc1U2Ab2fChPt1wSou2Y+NKIx2q3ycypqztqch1KoYd+9sbiH959RTb+41M6CRF0PxzUTuVFGM6SIe2hAGOsucIc7G4WynvMMM4ugzzLoSvT+n/pFYuBX4pONstHh 6N4pgmq2SdbJGA7JFDckJOSZVwckvuySN58u68B+/Ze/lszXmjmRXyA97rB7G5nZ4=</latexit><latexit sha1_base64="rc68UrQkBRpHLSLjCb4y5UqwI+o=">AAACEHicdVA9SwNBEN2L3/ErammzGkQLCXdR0DQi2lgqmC jkQtjbTMyS3b1jd04MR36CjX/FxkIRW0s7/42bGEFFHww83pthZl6USGHR99+93Nj4xOTU9Ex+dm5+YbGwtFyzcWo4VHksY3MZMQtSaKiiQAmXiQGmIgkXUfd44F9cg7Ei1ufYS6Ch2JUWbcEZOqlZ2MxCy41I0GJPQmhT1Q+3qWqGOqXh2kGIcIMZ1PrNQtEvVf bLOzt71C/5QzhSqVSCcpkGI6VIRjhtFt7CVsxTBRq5ZNbWAz/BRsYMCi6hnw9TCwnjXXYFdUc1U2Ab2fChPt1wSou2Y+NKIx2q3ycypqztqch1KoYd+9sbiH959RTb+41M6CRF0PxzUTuVFGM6SIe2hAGOsucIc7G4WynvMMM4ugzzLoSvT+n/pFYuBX4pONstHh 6N4pgmq2SdbJGA7JFDckJOSZVwckvuySN58u68B+/Ze/lszXmjmRXyA97rB7G5nZ4=</latexit>
  >H0
<latexit sha1_base64="LW0c+w5OsmTkmDbWXHWSy2baLWQ=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1oEVyURQVdSdGGXFewDmhBuppN26 EwSZiZCCQV/xY0LRdz6He78G6cPRFsPXDiccy/33hOmnCntOF9WYWl5ZXWtuF7a2Nza3rF395oqySShDZLwRLZDUJSzmDY005y2U0lBhJy2wsHN2G89UKlYEt/rYUp9Ab2YRYyANlJgH3i3IAQEXqqYd4SvTNUCJ7DLTsWZAP8Qd56U0Qz1wP70ugnJBI014aBUx3VS7ecgNSOcjkpepmgKZ AA92jE0BkGVn0/OH+ETo3RxlEhTscYT9fdEDkKpoQhNpwDdV/PeWPzP62Q6uvRzFqeZpjGZLooyjnWCx1ngLpOUaD40BIhk5lZM+iCBaJNYyYSw8PIiaZ5VXKfi3p2Xq9ezOIroEB2jU+SiC1RFNVRHDURQjp7QC3q1Hq1n6816n7YWrNnMPvoD6+Mb0XyUEw==</latexit><latexit sha1_base64="LW0c+w5OsmTkmDbWXHWSy2baLWQ=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1oEVyURQVdSdGGXFewDmhBuppN26 EwSZiZCCQV/xY0LRdz6He78G6cPRFsPXDiccy/33hOmnCntOF9WYWl5ZXWtuF7a2Nza3rF395oqySShDZLwRLZDUJSzmDY005y2U0lBhJy2wsHN2G89UKlYEt/rYUp9Ab2YRYyANlJgH3i3IAQEXqqYd4SvTNUCJ7DLTsWZAP8Qd56U0Qz1wP70ugnJBI014aBUx3VS7ecgNSOcjkpepmgKZ AA92jE0BkGVn0/OH+ETo3RxlEhTscYT9fdEDkKpoQhNpwDdV/PeWPzP62Q6uvRzFqeZpjGZLooyjnWCx1ngLpOUaD40BIhk5lZM+iCBaJNYyYSw8PIiaZ5VXKfi3p2Xq9ezOIroEB2jU+SiC1RFNVRHDURQjp7QC3q1Hq1n6816n7YWrNnMPvoD6+Mb0XyUEw==</latexit><latexit sha1_base64="LW0c+w5OsmTkmDbWXHWSy2baLWQ=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1oEVyURQVdSdGGXFewDmhBuppN26 EwSZiZCCQV/xY0LRdz6He78G6cPRFsPXDiccy/33hOmnCntOF9WYWl5ZXWtuF7a2Nza3rF395oqySShDZLwRLZDUJSzmDY005y2U0lBhJy2wsHN2G89UKlYEt/rYUp9Ab2YRYyANlJgH3i3IAQEXqqYd4SvTNUCJ7DLTsWZAP8Qd56U0Qz1wP70ugnJBI014aBUx3VS7ecgNSOcjkpepmgKZ AA92jE0BkGVn0/OH+ETo3RxlEhTscYT9fdEDkKpoQhNpwDdV/PeWPzP62Q6uvRzFqeZpjGZLooyjnWCx1ngLpOUaD40BIhk5lZM+iCBaJNYyYSw8PIiaZ5VXKfi3p2Xq9ezOIroEB2jU+SiC1RFNVRHDURQjp7QC3q1Hq1n6816n7YWrNnMPvoD6+Mb0XyUEw==</latexit><latexit sha1_base64="LW0c+w5OsmTkmDbWXHWSy2baLWQ=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1oEVyURQVdSdGGXFewDmhBuppN26 EwSZiZCCQV/xY0LRdz6He78G6cPRFsPXDiccy/33hOmnCntOF9WYWl5ZXWtuF7a2Nza3rF395oqySShDZLwRLZDUJSzmDY005y2U0lBhJy2wsHN2G89UKlYEt/rYUp9Ab2YRYyANlJgH3i3IAQEXqqYd4SvTNUCJ7DLTsWZAP8Qd56U0Qz1wP70ugnJBI014aBUx3VS7ecgNSOcjkpepmgKZ AA92jE0BkGVn0/OH+ETo3RxlEhTscYT9fdEDkKpoQhNpwDdV/PeWPzP62Q6uvRzFqeZpjGZLooyjnWCx1ngLpOUaD40BIhk5lZM+iCBaJNYyYSw8PIiaZ5VXKfi3p2Xq9ezOIroEB2jU+SiC1RFNVRHDURQjp7QC3q1Hq1n6816n7YWrNnMPvoD6+Mb0XyUEw==</latexit>
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FIG. 1. Left: Phenomenology of the scalar DM model defined by Eq. (2). The DM is produced by h → φα φα decays. Right:
Phenomenology of the fermion DM model defined by Eq. (7). The DM is dominantly produced by W± → e± ψα decays. Note
that in the parameter space below the relic density line Ω = ΩDM the DM overcloses the Universe if a standard cosmological
history is assumed. The figure is discussed in detail in Section IV.
power spectrum. However, since all of DM is unstable in
the fermion model there are strong constraints from in-
direct detection. For masses above 10 GeV, the bounds
from a dedicated analysis of Fermi gamma rays [26]
are relevant, while below a combination of gamma-ray
and X-ray data are more important [27]. While a re-
interpretation for the decays ψα →W (∗) `, Z(∗) ν, h(∗) ν is
left for future work, we show the line through our parame-
ter space in the right panel of Fig. 1 where Γψ ' 10−28/s.
Above this line DM is more long-lived and the parame-
ter space is unconstrained, while a rough reinterpretation
of [26] suggests that in our model everything below this
line, mψ & 70 GeV, is excluded. That these models
could be discovered using indirect detection is remark-
able in view of the smallness of the coupling between DM
and the SM 1/N ∼ v2/M2Pl ∼ 10−33, and leaves open the
possibility of exploring more of our parameter space with
future indirect detection experiments, see e.g. [28] for a
discussion.
This completes the picture of the possible signals
and the bounds from experiment. However, there is
one important theoretical consideration to discuss for the
scalar model. When the coupling λφ becomes sufficiently
large, the quartic φ-H coupling in Eq. (2) introduces a
quadratic correction to the φα mass at one-loop. The
area shaded in magenta in the left panel of Fig. 1 indi-
cates a naive tuning bound where λφ Λ
2
UV/(16pi
2) & m2φ.
In particular, mφ ' 0.1 GeV is especially interesting
since here we simultaneously reproduce the relic density,
and generate the correct φα mass at one-loop. In the
’t Hooft limit, λφ = 1/N , the tuning of the Higgs mass
is not considerably worsened by the presence of N φ’s,
since they effectively behave as a single particle with an
O(1) coupling, giving a contribution to the Higgs mass
δm2h ∼ Λ2UV/(16pi2). In the case of fermions, since we are
going beyond the ’t Hooft limit, there is no appreciable
tuning introduced by Eq. (7). From the point of view of
the SM, our N fermions behave as a single particle with
an O(1/N0.4) coupling. Also, their tree-level contribu-
tion to the sum of the SM neutrino masses is well below
an eV in most of the parameter space, as shown in the
right panel of Fig. 1.
B. Non-trivial Mass Distributions
A non-degenerate dark sector mass distribution has
the immediate consequence that N −1 species are unsta-
ble, which could yield new signals in indirect detection,
CMB experiments, and measurements of light element
abundances, implying very tight constraints. This shares
many of the phenomenological consequences of dynami-
cal DM [29–31].
The experimentally relevant quantity is the differen-
tial distribution of the energy density as a function of the
lifetime
dρDM
dτ
=
dρDM
dm
∣∣∣∣dmdτ
∣∣∣∣ . (21)
7Using this expression requires inverting the relation be-
tween the decay width and the mass to obtain m(τ). In
general this is challenging to do analytically since the de-
cay width is a convolution over the distribution of masses.
To gain some insight, we assume the case of a very narrow
uniform distribution. If the mass distribution is broad,
the model is badly excluded by constraints on energy
injection in the early history of the Universe. If the dis-
tribution is narrow, we can expand the decay width as a
function of the dark sector mass splittings
Γ
(
DMα → DMβ+X
)
= Γ(n)×
(
mα −mβ
mSM
)n
+. . . , (22)
where n is the leading non-zero power in terms of the
small mass splitting (mα−mβ)/mSM and depends on the
model: for the scalar model, X = h(∗), mSM = mh, n = 3,
and Γ(3) ∼ y2SM/(128pi3N2)(v2/mh), where ySM can be
an SM Yukawa coupling or a gauge loop factor. The
total width for DMα can be easily obtained by integrating
Eq. (22) over the uniform distribution of masses. The
last step needed to obtain dρDM/dτ requires noticing that
since all the DM particles have nearly the same mass,
they are also produced nearly at the same rate from SM
decays so that we can assume that their number densities
are all equal. As a consequence, the heaviest DMα has
the largest initial energy density dρDM/dm ∼ m. This
together with Eq. (22) implies close to stability
1
ρDM
dρDM
dτ
∼ τ−n+2n+1 , (23)
peaked on the shortest allowed lifetime. Clearly this re-
sult strongly depends on the choice of mass distribution.
For example, choosing a Normal distribution or a Wigner
semicircle distribution implies that dρDM/dτ would be
peaked around a typical lifetime allowing for more in-
teresting phenomenological possibilities. For instance a
Gaussian tail of the energy density could give continu-
ous energy injection, e.g. between BBN and the present
epoch. While a detailed study is beyond the scope of
this work, this is one of the more striking phenomeno-
logical signatures that can be motivated by models that
freeze-in the hierarchy problem.
V. OUTLOOK
In this paper, we have made the connection between
the largeN solution to the electroweak hierarchy problem
and the freeze-in mechanism to generate the relic abun-
dance of DM. We provided two simple models both of
which introduce N dark sector states, and an interaction
with the SM whose size is determined by a ’t Hooft cou-
pling. We showed that it is indeed possible to achieve a
phenomenologically viable scenario with interesting sig-
natures. For example, a continuous injection of energy
throughout the history of the Universe could be realized.
In the most interesting parameter space where the
full hierarchy problem is solved, the ultraviolet cut-off is
within reach of current and/or future colliders. There-
fore, it should be possible to produce the N states con-
stituting dark matter through their gravitational interac-
tions. Furthermore, in the case of the fermionic model,
we can also directly access the freeze-in coupling of dark
matter through indirect detection, by measuring its life-
time. This is a rather unique example in which dark mat-
ter interacts only gravitationally or through extremely
feeble couplings, but we can still produce it directly and
probe its freeze-in interactions.
The literature does contain ideas with a similar spirit,
e.g. a class of large N DM models [10], dynamical
DM [29–31], and Nnaturalness [32]. In all these cases,
the DM can also be composed by a large number of
species that could in principle contribute to lowering
the gravitational cutoff of the theory. The framework
presented here fits nicely within this spectrum of ideas.
Our models are radical in their simplicity – the hierarchy
problem and the nature of DM could be deeply linked,
with observable consequences that could show up in fu-
ture collider and indirect detection experiments.
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